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Abstract 


High-pressure  air  bottles  are  used  in  the  Victoria  class  submarines  to  supply  breath¬ 
ing  air  and  to  provide  pressurized  air  for  surfacing.  The  bottles  are  exposed  to  cyclic 
loading,  which  may  result  in  the  initiation  and  growth  of  fatigue  cracks.  An  internal 
crack-like  indication  in  a  high-pressure  air  bottle  instigated  this  study  to  better  un¬ 
derstand  the  growth  of  potential  fatigue  cracks.  This  will  enable  better  management 
of  the  remaining  operating  life  of  high-pressure  air  bottles  with  detected  cracks. 

In  this  study,  the  feasibility  of  using  externally-mounted  strain  gauges  to  monitor 
the  growth  of  known  internal  cracks  in  high-pressure  air  bottles  was  examined.  A 
combination  of  numerical  modelling  and  experiments  was  used  to  validate  this  tech¬ 
nique.  Two  experimental  samples  were  internally  pressurized  and  external  strain  was 
measured.  Reasonable  agreement  of  measured  strain  with  finite  element  analyses  of 
the  samples  suggests  the  high-pressure  air  bottle  finite  element  analyses  results  are 
reliable.  Finite  element  analyses  and  experiments  showed  an  area  on  the  exterior  of 
test  samples  opposite  an  internal  notch  with  a  modified  strain  held.  The  numerical 
analyses  indicated  that  changes  in  the  strain  held  associated  with  crack  growth  may 
be  detected  using  external  strain  gauges.  These  results  are  consistent  with  a  previous 
numerical  analysis  of  a  high-pressure  air  bottle  which  indicated  the  growth  of  internal 
cracks  can  be  monitored  with  external  strain  gauges. 

Digital  image  correlation  was  used  to  measure  the  strain  held  in  the  area  opposite 
the  internal  notch.  It  was  useful  for  identifying  the  precise  location  of  the  notch, 
but  further  improvements  to  its  use  are  necessary  to  ensure  reliable  results.  It  shows 
promise  as  a  method  to  identify  the  location  of  high-pressure  air  bottle  internal  cracks 
and  to  complement  other  non-destructive  examination  techniques. 

Significance  for  defence  and  security 


The  crack  monitoring  technique  that  has  been  validated  in  this  report  may  allow 
damaged  high-pressure  air  bottles  to  remain  in  service  for  a  limited  time,  thus  in¬ 
creasing  the  availability  of  Victoria  class  submarines  while  replacement  bottles  are 
procured. 
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Resume 


Des  bouteilles  d’air  a  haute  pression  sont  utilisees  dans  les  sous-marins  de  classe 
Victoria  afin  d’assurer  l’alimentation  en  air  respirable  et  fournir  hair  sous  pression 
necessaire  lors  de  Teniers  ion.  Ces  bouteilles  sont  soumises  a  des  charges  cycliques 
pouvant  provoquer  Tapparition  et  favoriser  la  croissance  de  fissures  de  fatigue.  L’ob- 
servation  d’une  marque  interne  semblable  a  une  fissure,  dans  line  bouteille  d’air  a 
haute  pression,  est  a  Torigine  de  la  mise  en  oeuvre  de  la  presente  etude  dont  Tobjectif 
est  de  mieux  comprendre  la  croissance  d’eventuelles  fissures  de  fatigue.  Les  resultats 
permettront  d’assurer  une  gestion  plus  efficace  des  bouteilles  d’air  a  haute  pression 
presentant  des  fissures  durant  le  reste  de  leur  duree  de  vie  utile. 

Dans  le  cadre  de  la  presente  etude,  on  a  evalue  la  faisabilite  d’utiliser  des  extenso- 
metres  externes  pour  surveiller  la  croissance  des  fissures  internes  detectees  dans  les 
bouteilles  de  ce  type.  La  combinaison  de  resultats  de  modelisation  numerique  et  d’ex- 
periences  a  servi  a  valider  la  technique  employee.  Deux  echantillons  experimentaux 
ont  ete  mis  sous  pression  et  la  deformation  externe  a  ete  mesuree.  11  existe  une  concor¬ 
dance  entre  la  deformation  mesuree  et  les  resultats  de  Tanalyse  par  elements  finis  des 
echantillons,  ce  qui  laisse  croire  que  ceux  des  bouteilles  d’air  a  haute  pression  sont 
fiables.  Les  resultats  de  Tanalyse  par  elements  finis  et  ceux  des  experiences  indiquent 
qu’il  y  a  modification  du  champ  de  deformation  dans  une  zone  situee  a  Texterieur  des 
echantillons  d’essai,  du  cote  oppose  a  une  entaillc  interne.  Les  resultats  des  analyses 
numeriques  indiquent  que  l’utilisation  d’extensometres  externes  pourrait  permettre  de 
detecter  des  variations  du  champ  de  deformation  associees  a  la  croissance  de  fissures. 

Ces  resultats  concordent  avec  ceux  d’une  analyse  numerique  anterieure  effectuee  sur 
une  bouteille  d’air  a  haute  pression,  lesquels  indiquaient  que  des  extensometres  ex¬ 
ternes  peuvent  servir  a  surveiller  la  croissance  de  fissures  internes.  La  technique  de 
correlation  d’images  numeriques  a  ete  employee  pour  mesurer  le  champ  de  deforma¬ 
tion  dans  la  zone  situee  du  cote  oppose  a  Tentaille  interne.  La  technique  est  utile  pour 
determiner  l’emplacement  exact  de  Tentaille,  mais  il  faudra  ameliorer  certains  para- 
metres  d’utilisation  pour  garantir  Tobtention  de  resultats  fiables.  La  methode  semble 
toutefois  prometteuse  pour  determiner  l’emplacement  de  fissures  internes  dans  les 
bouteilles  d’air  a  haute  pression  et  comme  complement  aux  autres  techniques  d’essais 
non  destructifs. 
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Importance  pour  la  defense  et  la  securite 


Les  resultats  des  experiences  decrites  dans  le  present  rapport  ont  perrnis  de  valider 
une  technique  de  surveillance  de  la  croissance  de  fissures,  laquelle  pourrait  permettre 
Futilisation  de  bouteillcs  d’air  a  haute  pression  endommagees  pendant  une  periode 
restreinte,  ce  qui  accroitrait  du  meme  coup  la  disponibilite  des  sous-marins  de  classe 
Victoria  pendant  le  processus  d’acquisition  de  bouteillcs  de  remplacement. 
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1  Introduction 


High-pressure  (HP)  air  bottles  are  used  in  the  Victoria  class  submarines  for  emergency 
air  and  displacing  water  in  the  ballast  tanks  during  surfacing.  The  vital  nature  of 
these  activities  means  that  the  integrity  of  HP  air  bottles  is  critical  to  safe  operation. 
As  such,  measures  must  be  taken  to  ensure  fracture  or  leakage  is  avoided.  Currently, 
the  bottles  are  periodically  inspected  and  damaged  bottles  are  removed  from  service. 

In  2006,  a  crack-like  indication  was  found  on  an  air  bottle  during  a  routine  eddy  cur¬ 
rent  inspection  by  Naval  Engineering  Test  Establishment  (NETE)  [1],  The  possibility 
of  the  presence  of  a  crack  in  one  of  the  bottles  suggested  that  cracks  may  be  present 
in  other  bottles.  The  long  lead  time  required  for  delivery  of  new  bottles  motivated 
a  study  to  better  understand  the  growth  of  cracks  in  HP  air  bottles  to  determine  if 
bottles  with  limited  flaws  could  be  left  in  service. 

Dockyard  Laboratory  (Atlantic)  was  tasked  to  examine  the  crack-like  indication,  per¬ 
form  material  testing,  and  conduct  a  fatigue  assessment  of  the  HP  air  bottles  by  DNPS 
4-3-7  under  the  Submarine  Scientific  Support  Service  Level  Agreement.  BMT  Fleet 
Technology  was  contracted  by  DRDC  -  Atlantic  Research  Centre  to  perform  fatigue 
calculations  and  finite  element  analyses.  The  finite  element  analyses  were  conducted 
to  determine  the  change  in  external  strain  in  the  vicinity  of  a  crack.  This  was  done 
to  determine  if  externally  mounted  strain  gauges  are  suitable  to  detect  the  growth  of 
internal  HP  air  bottle  cracks. 

This  document  covers  the  validation  of  the  use  of  externally  mounted  strain  gauges 
to  monitor  further  growth  of  cracks  of  a  limited  size.  Finite  element  analyses  of 
experimental  samples  similar  to  air  bottles  were  conducted  using  the  same  modelling 
techniques  used  by  BMT  Fleet  Technology  [2],  The  results  of  the  finite  element 
analyses  were  compared  to  experimental  results.  Digital  image  correlation  (DIC)  was 
used  in  the  experiments  and  its  use,  associated  challenges,  and  potential  future  uses 
are  discussed. 
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2  Background 

2.1  Overview  of  high-pressure  air  bottles 

The  potentially  catastrophic  nature  of  a  high-pressure  air  bottle  failure  has  resulted 
in  the  development  of  standards  to  govern  their  manufacture  and  maintenance  [3-5]. 
The  damage  mechanisms  of  most  concern  are  pitting  corrosion  and  corrosion  fatigue 
[6].  The  combination  of  pitting  corrosion  and  corrosion  fatigue  may  result  in  the 
introduction  and  growth  of  fatigue  cracks  due  to  the  cyclic  nature  of  the  internal 
pressure  load  on  the  bottles.  Air  dryers  are  in  place  to  reduce  the  humidity,  but  they 
are  not  sufficient  to  prevent  corrosion. 

Steel  seamless  HP  air  bottles  are  used  in  Victoria  class  submarines.  They  are  made 
by  Chesterfield  Special  Cylinders  in  the  United  Kingdom. 

The  pressure  in  the  bottles  is  cycled,  so  the  initiation  and  growth  of  fatigue  cracks  is 
a  possibility,  particularly  in  the  presence  of  corrosion  pits.  The  bottles  are  in  several 
banks  of  bottles  connected  in  series.  A  crack  leading  to  bursting  or  leaking  of  a 
bottle  could  result  in  the  loss  of  the  contents  of  an  entire  bank  of  bottles.  This  could 
compromise  the  ability  of  a  submarine  to  surface  or  could  result  in  loss  of  emergency 
air. 

Defence  Standard  02-318  Parts  1  and  2  [4,  5]  outline  the  required  cleaning,  inspec¬ 
tion,  and  testing  for  high-pressure  gas  cylinders.  Periodic  visual  inspection  is  required 
to  identify  damage,  ultrasonic  inspection  is  required  over  the  surface  to  verify  wall 
thickness,  and  hydrostatic  proof  testing  is  required  to  ensure  adequate  strength.  Devi¬ 
ations  are  accepted  from  this  procedure  to  allow  onboard  inspections  provided  proper 
permission  is  granted.  For  the  Victoria  class  submarines,  NETE  performs  visual  in¬ 
spections,  eddy  current  inspections,  and  ultrasonic  inspections  every  ten  years.  The 
eddy  current  and  ultrasound  inspection  are  conducted  internally.  The  ultrasonic  in¬ 
spections  consist  of  longitudinal  ultrasound  to  determine  the  bottle’s  thickness  and 
shear  wave  ultrasound  to  identify  subsurface  flaws.  The  eddy  current  inspection  is 
conducted  to  detect  internal  surface  flaws  [7].  The  inspection  techniques  used  by 
NETE  were  developed  based  on  similar  techniques  used  by  the  Royal  Navy  [8]. 
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2.2  Previous  work 


BMT  Fleet  Technology  and  DRDC  performed  a  fatigue  assessment,  including  deter¬ 
mination  of  the  critical  crack  size  for  the  air  bottles,  performed  additional  inspections 
on  the  damaged  bottle,  and  investigated  potential  crack  monitoring  techniques.  The 
fatigue  assessment  performed  by  BMT  Fleet  Technology  used  methodologies  speci¬ 
fied  by  British  Standard  7910  Level  2.  The  analyses  indicated  that  an  initially  2  mm 
deep,  10  mm  long  longitudinal  crack  could  be  cycled  twice  daily  for  approximately 
eight  years  before  growing  to  a  critical  size  [2],  This  crack  size  was  selected  as  these 
were  the  dimensions  of  the  crack-like  indication  measured  by  NETE. 

The  crack-like  indication  in  the  air  bottle  was  examined  at  Dockyard  Laboratory 
(Atlantic)  using  several  non- destructive  techniques.  Conventional  and  digital  radio¬ 
graphy,  eddy  current  testing,  ultrasonic  testing,  magnetic  particle  inspection,  and 
visual  inspection  were  performed  on  the  sample.  Lack  of  availability  of  identical  eddy 
current  probes,  equipment,  and  standards  prevented  the  inspections  from  being  iden¬ 
tical  to  that  conducted  by  NETE.  No  defect  indications  were  found,  suggesting  the 
indication  may  have  been  a  false  positive  [9].  In  discussions  with  NETE  personnel,  it 
was  mentioned  that  the  indication  occurred  consistently  with  the  same  eddy  current 
equipment  settings.  They  suggested  a  false  positive  could  occur  if  the  equipment  was 
set  to  detect  very  small  cracks,  as  was  the  case  in  this  situation. 

As  reported  in  Reference  2,  finite  element  analysis  was  used  by  BMT  Fleet  Technology 
to  determine  the  strains  present  in  a  pressurized  bottle  with  an  internal  longitudinally- 
oriented  crack.  External  strains  were  determined  for  six  crack  sizes,  an  initially  2 
mm  deep,  10  mm  long  crack  and  cracks  whose  sizes  were  determined  in  a  fatigue 
assessment  following  1000,  3000,  5000,  6000,  and  7000  load  cycles.  The  analyzed 
crack  sizes  are  shown  in  Table  1. 


Table  1:  Sizes  of  internal  cracks  analyzed. 


Crack 

Size 

Number  of 
Pressure  Cycles 
(at  30  MPa) 

Crack  Size  Parameters  (mm) 

Crack  Depth,  a 

Crack  Length,  2c 

1 

1 

2.001 

10.001 

2 

1000 

3.173 

11.657 

3 

3000 

6.172 

16.930 

4 

5000 

10.199 

25.200 

5 

6000 

12.756 

30.916 

6 

7000 

15.893 

38.384 
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The  nominal  wall  thickness  was  used  in  the  models  with  cracks.  This  results  in  lower 
external  variations  in  strain  than  would  occur  with  a  reduced  wall  thickness  for  a 
given  crack  depth.  The  nominal  wall  thickness  was  used  as  this  would  result  in  lower 
external  variations  in  strain  than  with  a  thinner  wall  for  a  given  crack  depth.  The 
thickness  of  the  bottle  in  the  area  of  the  neck  where  the  thickness  is  not  prescribed  was 
determined  by  using  a  best-fit  curve  between  areas  of  known  dimensions.  The  model 
was  meshed  using  ANSYS  v.ll  using  SOLID185  elements.  These  are  linear  brick 
elements  with  eight  nodes  which  each  have  three  translational  degrees  of  freedom. 

The  model  was  created  as  one  quarter  of  the  bottle  due  to  the  symmetry  of  the 
bottle  and  its  loads.  Constraints  were  applied  on  nodes  through  the  wall  thickness 
at  the  normal  planes  (centreline  and  mid-span)  to  provide  continuity  associated  with 
the  symmetric  boundary  conditions.  Nodal  constraints  were  removed  with  nodes 
associated  with  the  crack  size.  Ten  elements  were  used  through  the  wall  thickness.  A 
solid  cap  was  used  at  the  flange  neck.  The  material  properties  that  were  used  in  the 
model  were  the  minimum  specified  yield  strength  of  700  MPa,  modulus  of  elasticity 
of  206  GPa,  density  of  7850  kg/m3,  and  Poisson’s  ratio  of  0.287.  The  model  is  shown 
in  Figure  1. 


Figure  1:  Finite  element  model  of  HP  air  bottle  created  by  BMT  Fleet  Technology. 

The  model  indicated  that  internal  pressure  causes  the  crack  to  open,  resulting  in  local 
bending  that  reduces  the  strain  on  the  external  surface  of  the  bottle  immediately 
opposite  the  crack.  As  the  crack  grows  larger,  the  calculated  strain  in  this  area 
decreases  further.  The  calculated  strain  immediately  opposite  the  crack  was  304  /ie 
lower  then  the  uncracked  portion  (1192  /re)  for  the  initial  crack  and  553  ge  lower 
for  the  crack  following  7000  load  cycles.  Localized  flattening  of  the  air  bottle  due  to 
the  presence  of  an  internal  crack  also  results  in  higher  strains  approximately  8  mm 
from  the  crack  circumferentially.  These  strains  increase  as  the  internal  crack  grows. 
The  differences  in  strain  associated  with  the  smallest  and  largest  cracks  analyzed 
compared  to  an  uncracked  bottle  are  shown  in  Figures  2  and  3,  respectively. 
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Figure  2:  Calculated  change  in  circumferential  strains  for  a  HP  air  cylinder  with  a  2 
mm  deep,  10  mm  long  crack.  [2] 
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Figure  3:  Calculated  change  in  circumferential  strains  for  a  HP  air  cylinder  with  a 
16  mm  deep,  38  mm  long  crack.  [2] 
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3  Methodology 

3.1  Experimental  samples 

Further  corroboration  of  the  calculated  HP  air  bottle  strain  field  in  the  presence  of 
a  crack  was  desired  so  experimental  samples  were  tested  to  validate  the  numerical 
results.  Two  experimental  samples  were  fabricated  from  a  single  length  of  6  inch 
Schedule  80  pipe.  The  outside  diameter  was  84  mm  and  the  wall  thickness  was  11.2 
mm  on  average  but  varied  between  10.6  and  12.0  mm.  Flat  plates  (25  mm  thick)  were 
attached  to  the  ends  using  fillet  welds  to  create  a  small  pressure  vessel.  Threaded 
holes  were  machined  into  one  of  the  flat  plates  for  each  sample  to  allow  pressurizing. 
The  two  pipe  sections  were  60  cm  long  and  had  machined  internal  notches  to  act  as 
stress  raisers  similar  to  cracks.  The  notches  were  2.5  mm  deep  and  40  mm  long.  The 
loading  and  ratio  of  the  radius  to  wall  thickness  of  the  samples  are  similar  to  that 
of  typical  Victoria  class  submarine  high-pressure  air  bottles.  A  sketch  is  shown  in 
Figure  4.  One  of  the  experimental  samples  is  shown  in  Figure  5;  close-up  views  of 
the  internal  notch  and  strain  gauges  on  the  opposite  side  are  shown  in  Figure  6. 

The  experimental  samples  and  HP  air  bottles  were  made  from  different  steels.  The 
yield  strength  of  the  steels  were  not  the  same  but  the  elastic  modulus  should  be 
similar.  As  the  loading  in  the  experiments  was  low,  yielding  beyond  the  notch  tip 
was  not  expected. 


Figure  4:  Sketch  of  experimental  sample. 
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The  outer  surface  of  the  cylinder  in  the  vicinity  of  the  notch  was  painted  white  with 
a  speckling  of  black  paint  (as  shown  in  Figure  5)  to  enable  use  of  digital  image  corre¬ 
lation  equipment,  described  further  in  the  following  section.  Foil  strain  gauges  were 
applied  externally  immediately  opposite  the  notch  and  90°  away  from  the  notch.  The 
strain  gauge  90°  from  the  notch  was  intended  to  provide  a  comparison  to  measure¬ 
ments  near  the  notch.  Water  pressure  in  the  cylinders  was  increased  with  a  pump 
and  the  pressure  was  measured  using  a  digital  pressure  transducer. 


Figure  5:  Experimental  sample.  Notch  is  located  on  interior  surface  at  mid-height. 
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Figure  6:  Close-up  views  of  external  strain  gauges  (left)  and  internal  notch  shown 
after  testing  (right). 


3.2  Digital  image  correlation 

Digital  image  correlation  was  used  to  measure  the  strain  field  on  the  external  surface 
of  the  experimental  sample.  Digital  image  correlation  provides  a  non-contact  method 
to  measure  the  strain  and  displacement  fields  for  samples  under  load.  Typically, 
samples  without  colour  variation  are  painted  with  a  black  and  white  speckle  pattern. 
The  grey  level  of  individual  pixels  on  two  digital  images  is  compared  to  measure 
the  deformation  between  images.  A  correlation  function  is  used  to  compare  the 
two  images.  Displacement  vectors  and  their  spatial  derivatives  are  calculated  that 
minimize  the  correlation  coefficient  [10].  This  produces  a  continuous  strain  field, 
rather  than  the  point  measurements  available  from  strain  gauges.  An  example  image 
taken  using  DIC  is  shown  in  Figure  7.  In  this  image,  the  flange  was  pulled  apart  and 
the  strain  concentrations  can  be  seen. 

ARAMIS  3D  5M  digital  image  correlation  equipment  with  two  5  megapixel  cameras 
using  50  mm  Titanar  lenses  and  ARAMIS  version  6  software  was  used  in  these  exper¬ 
iments.  The  use  of  two  cameras  recording  at  different  angles  enables  differentiation 
between  rigid  body  motion  and  strain.  Prior  to  each  experiment,  the  DIC  equipment 
was  calibrated  using  a  CP  20/MV  standard.  The  standard  is  shown  to  the  right  of 
the  cylinder  in  Figure  8.  Figure  9  shows  the  DIC  cameras,  lights,  and  tripod  with 
the  computer  running  the  DIC  software  in  the  background. 
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Figure  7:  Image  taken  using  digital  image  correlation  while  flange  is  being  pulled 
apart. 


Figure  8:  Digital  image  correlation  setup  showing  tripod  with  cameras,  experimental 
sample,  and  calibration  standard. 
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Figure  9:  ARAMIS  3D  5M  digital  image  correlation  equipment.  Lights  and  cam¬ 
eras  are  shown  on  the  tripod  and  the  computer  running  DIC  software  is  shown  in 
background. 


3.3  Notched  cylinder  finite  element  models 

A  finite  element  model  of  the  cylinder  with  an  internal  notch  was  created  to  validate 
the  results  of  the  HP  air  bottle  model  with  an  internal  crack  and  to  provide  further 
information  on  the  strain  field  in  the  vicinity  of  a  crack.  Finite  element  simulation 
of  the  experiment,  including  model  generation,  analysis  and  post-processing,  was 
performed  using  the  ANSYS  14.0  commercial  software.  The  finite  element  modelling 
methodology  was  based  on  the  work  reported  in  Reference  2  to  the  extent  that  was 
feasible. 
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The  FE  model  of  the  test  specimen  is  summarized  in  Figure  10,  including  the  FE 
mesh,  the  geometry,  and  the  assumed  material  properties.  The  dimensions  of  the 
model  are  based  on  average  measured  properties  of  the  test  specimens.  All  aspects  of 
the  test  specimen,  including  the  end  cap,  the  pipe,  and  the  end  cap  fillet  weld,  were 
modelled  with  20  node  continuum  brick  elements  (SOL1D186).  These  differ  from  the 
SOL1D185  elements  used  in  Reference  2  in  that  the  SOLID186  elements  have  mid-side 
nodes.  The  pipe  and  end  cap  were  assumed  to  be  connected  only  through  the  fillet 
weld  (i.e.,  the  elements  shown  in  orange  in  Figure  10).  The  target  element  size  was  4 
mm,  except  for  the  area  in  the  vicinity  of  the  notch,  where  a  refined  1  mm  mesh  grid 
was  used.  Those  targets  resulted  in  four  and  twelve  elements  through  the  thickness 
of  the  pipe  wall  for  the  coarse  and  fine  regions,  respectively.  Prismatic  brick  elements 
were  used  wherever  possible;  however,  in  certain  areas,  such  as  the  transition  region 
between  the  coarse  and  fine  meshes,  the  “collapsed”  10  node  tetrahedron  version  of 
the  element  was  used.  In  total,  there  were  132,214  elements  and  412,460  nodes  in  the 
model. 


Geometric  Parameters: 

Outer  radius  of  pipe: 
Pipe  thickness: 

Pipe  length: 

End-cap  thickness: 
End-cap  radius: 

Length  of  fillet  weld  leg: 
Crack  depth: 

Crack  length: 

Material  Properties: 
Young's  modulus: 
Poisson's  ratio: 

Yield  stress: 

Applied  pressure: 

Target  element  sizes: 
Coarse  region: 

Fine  region: 


84.1375mm 
11.2  mm 
609.6  mm 
25.4  mm 
95.8215  mm 
11.2  mm 
2.5  mm 
40  mm 

207,000  MPa 
0.3 

300  MPa 
20  MPa 

4  mm 
1  mm 


FE  model  with  one-quarter  symmetry  and 
associated  boundary  conditions 


Figure  10:  Finite  element  model  parameters  and  mesh  configuration. 
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Only  one-quarter  of  the  test  specimen  was  modelled  (one-half  of  the  length  and 
one-half  of  the  circumference)  in  order  to  take  advantage  of  symmetry.  Symmetry 
was  enforced  by  constraining  the  longitudinal  displacement  of  nodes  falling  on  the 
transverse  symmetry  plane  and  constraining  the  transverse  displacement  of  nodes  on 
the  longitudinal  plane  of  symmetry.  The  internal  longitudinal  notch  was  simulated  by 
removing  the  symmetry  constraints  on  the  nodes  associated  with  the  face  of  the  notch 
(see  Figure  10).  That  allowed  the  notch  to  open  under  the  internal  pressure  load, 
which  was  applied  to  the  inside  surface  of  the  pipe  and  the  end  cap.  One  additional 
node  on  the  end  cap  was  constrained  in  the  vertical  direction  in  order  to  prevent 
rigid  body  motion.  The  response  of  the  pipe  was  assumed  to  be  linear-elastic  for  the 
current  analysis. 

In  addition  to  the  benchmark  FE  model  described  above,  several  other  models  were 
generated  and  analyzed.  First,  an  additional  refined  FE  model  with  approximately 
twice  the  number  of  elements  and  nodes  (292,969  elements  and  870,238  nodes)  was 
produced  in  order  to  verify  that  the  original  mesh  had  converged  sufficiently.  In 
particular,  the  refined  mesh  had  16  elements  through  the  pipe  wall  thickness  in  the 
crack  region,  compared  to  12  in  the  benchmark  model.  The  benchmark  and  refined 
models  were  identical  in  all  respects  other  than  the  mesh  size.  Second,  a  series  of 
models  were  generated  to  study  how  the  strain  response  of  the  pipe  might  vary  with 
the  depth  of  the  notch.  Those  models  were  identical  to  the  original  benchmark  model 
in  all  respects  except  the  notch  depth  (i.e.,  the  material  properties,  overall  geometry, 
crack  length  and  mesh  density  were  the  same  for  all  of  the  models). 
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4  Results  and  discussion 


4.1  Experimental  results 

Two  cylindrical  samples  with  internal  notches  were  internally  pressurized  and  the 
resulting  external  strains  were  measured  with  foil  strain  gauges  and  digital  image 
correlation.  The  test  specimens  are  described  further  in  Section  3.1. 

4.1.1  Initial  experiment 

The  initial  experiment  was  run  using  strain  gauges  and  digital  image  correlation  to 
measure  the  strain  on  Sample  1  while  under  an  internal  pressure  of  19  MPa.  The 
point  measurements  from  the  strain  gauges  were  intended  to  validate  the  DIC  results 
and  FE  model.  The  DIC  results  were  intended  for  comparison  of  the  measured  strain 
held  with  that  calculated  using  finite  element  analysis. 

DIC  measurements  were  taken  in  an  area  centered  approximately  25  mm  below  the 
strain  gauges,  which  were  intended  to  be  located  at  the  center  of  the  notch.  Cir¬ 
cumferential  strain  results  from  consecutive  DIC  images  are  shown  in  Figures  11  and 
12.  The  colours  in  the  center  area  (area  A  in  Figure  11)  correspond  to  the  strain 
legend  on  the  right  side  of  the  figures  (B).  The  line  that  runs  across  the  plot  (C) 
acts  as  a  continuous  virtual  strain  gauge.  The  strain  values  from  the  line  are  plotted 
in  the  middle  of  the  figure  (D).  The  plot  on  the  right  side  of  the  graphic  (E)  is  a 
histogram  showing  the  distribution  of  pixels  with  different  calculated  strain  values. 
The  histogram  provides  an  indication  of  the  average  and  variance  of  the  measured 
strain. 

Both  DIC  images  (Figures  11  and  12)  show  average  circumferential  strain  values  of 
approximately  450  /re  along  the  plotted  line.  The  histogram  in  both  figures  show  a 
similar  average  value  of  strain  over  each  image  but  the  variance  is  much  larger  in 
Figure  11  than  Figure  12. 

The  DIC  images  did  not  indicate  an  area  of  low  strain  in  the  suspected  notch  location, 
as  expected.  Following  the  experiments,  it  was  determined  that  the  notch  was  not 
located  in  the  area  it  was  expected. 
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Figure  11:  Sample  1  DIC  strain  measurements  with  19  MPa  internal  pressure.  Notch 
was  supposed  to  be  oriented  vertically  at  the  center  of  the  image.  Image  was  taken 
30  seconds  before  that  in  Figure  12  while  the  experimental  conditions  were  the  same. 
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Figure  12:  Sample  1  DIC  strain  measurements  with  19  MPa  internal  pressure.  Notch 
was  supposed  to  be  oriented  vertically  at  the  center  of  the  image.  Image  was  taken 
30  seconds  after  that  in  Figure  11  while  the  experimental  conditions  were  the  same. 
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There  was  a  noticeable  amount  of  variation  in  strain  between  the  consecutive  images 
in  Figures  11  and  12  taken  30  seconds  apart.  The  internal  pressure  was  constant  be¬ 
tween  these  images.  These  types  of  variations  were  observed  in  all  of  the  experiments, 
so  they  are  believed  to  be  experimental  noise.  Experimental  noise  is  unavoidable,  but 
it  is  not  clear  what  proportions  of  the  noise  were  inherent  to  the  technique  and  which 
might  be  reduced  by  optimizing  D1C  equipment  operation  or  improving  the  exper¬ 
imental  setup  by  reducing  external  vibrations.  One  speculated  source  of  noise  was 
vibration  due  to  the  pump  operation. 

4.1.2  Locating  notch  with  digital  image  correlation 

Afterwards,  the  notch  locations  were  approximated  visually  through  the  threaded 
holes  at  the  top  of  each  cylinder  and  a  second  experiment  was  run  using  DIC  equip¬ 
ment  only  to  measure  strain  in  order  to  more  precisely  determine  the  notch  location. 
The  experimental  samples  were  pressurized  to  20  MPa  and  DIC  measurements  were 
taken.  Results  from  the  experiment  with  Sample  2  are  shown  in  Figures  13  and  14. 
The  vertical  blue  shape  outlines  an  area  of  low  strain  consistent  with  where  the  notch 
was  located  visually.  The  shape  is  similar  in  the  two  figures.  The  histograms  indi¬ 
cate  the  average  strain  in  the  images  was  approximately  450  -  500  /re  but  there  was 
significantly  more  variation  in  Figure  14. 
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Figure  13:  DIC  strain  measurements  of  Sample  2  under  20  MPa  internal  pressure. 
Image  was  taken  30  seconds  before  that  in  Figure  14  while  the  experimental  conditions 
were  the  same. 


16 


DRDC-RDDC-2014-R81 


Circumferential  Position  (mm) 


Figure  14:  DIC  strain  measurements  of  Sample  2  under  20  MPa  internal  pressure. 
Image  was  taken  30  seconds  after  that  in  Figure  13  while  the  experimental  conditions 
were  the  same. 

4.1.3  Experiments  with  corrected  notch  locations 

After  the  notches  had  been  located  more  precisely,  experiments  were  run  without  a 
speckle  pattern  on  the  area  where  strain  gauges  were  to  be  applied.  This  was  done 
to  prevent  erroneous  measurements  around  the  strain  gauges  and  associated  wires. 
Strain  gauges  were  applied  prior  to  pressurizing  at  the  center  of  the  notch,  15  mm  on 
either  side  circumferentially  of  the  notch,  and  90°  from  the  notch. 

Sample  2  was  pressurized  to  approximately  25  MPa  and  DIC  images  were  taken,  as 
shown  in  Figures  15  and  16.  Strain  gauge  data  was  not  saved  due  to  an  error  during 
the  experiment,  so  the  data  was  limited  to  DIC  images  taken  in  the  area  of  the  notch. 
These  images  turned  out  quite  well:  there  are  few  areas  of  high  local  strain  variation, 
few  blank  pixels,  and  the  low  strain  measurements  at  the  center  of  the  notch  and 
high  measurements  about  10  mm  away  are  well  defined. 

Afterwards,  each  of  the  specimens  was  pressurized  to  20  MPa  and  DIC  and  strain 
gauge  measurements  were  taken.  Images  for  Sample  1  are  shown  in  Figures  17  and 
18.  The  held  of  view  was  enlarged  for  Sample  2  to  determine  if  the  DIC  equipment 
could  measure  the  strain  accurately  beyond  the  area  of  influence  of  the  notch.  DIC 
images  from  these  experiments  are  shown  in  Figures  19  and  20. 
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Figure  15:  DIC  strain  measurements  of  Sample  2  under  ~25  MPa  internal  pressure 
with  unpainted  strain  gauges.  Image  was  taken  30  seconds  before  that  in  Figure  16 
while  the  experimental  conditions  were  the  same. 
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Figure  16:  DIC  strain  measurements  of  Sample  2  under  ~25  MPa  internal  pressure 
with  unpainted  strain  gauges.  Image  was  taken  30  seconds  after  that  in  Figure  15 
while  the  experimental  conditions  were  the  same. 
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The  images  from  Sample  1  clearly  show  low  strains  in  the  area  of  the  notch  and  high 
strains  about  10  mm  away  from  the  notch.  However,  local  areas  of  high  and  low 
strain  are  shown  where  they  would  not  be  expected,  particularly  near  the  interface  of 
the  painted  and  unpainted  regions.  These  are  believed  to  be  experimental  artifacts. 
There  were  also  a  number  of  blank  pixels  that  may  have  been  related  to  the  quality 
of  the  speckle  pattern  as  they  were  reasonably  consistent  between  images.  The  strain 
measurements  along  the  virtual  strain  gauges  above  and  below  the  strain  gauges  were 
similar.  Both  showed  strain  values  under  400  /re  under  the  notch  and  between  550 
and  600  fie  about  10  mm  from  the  notch. 

The  images  from  Sample  2  (Figures  19  and  20)  do  not  show  the  low  strains  near  the 
center  of  the  notch  as  clearly  as  during  other  experiments,  particularly  the  experi¬ 
ments  on  the  same  sample  with  a  smaller  field  of  view  and  higher  internal  pressure 
(Figures  15  and  16).  The  experimental  artifacts  near  the  edge  of  the  field  of  view, 
particularly  those  on  the  right  near  the  strain  gauge  wires,  showed  extreme  areas  of 
local  strain  which  reduced  the  colour  contrast  in  the  rest  of  the  image.  The  virtual 
strain  gauges  provide  reasonable  values  near  the  center  of  the  notch,  showing  strains 
of  approximately  400  /ie  at  the  center  of  the  notch  and  values  of  approximately  600 
fie  about  10  mm  from  the  center.  Values  along  the  virtual  strain  gauges  further  than 
20  mm  from  the  center  of  the  notch  appear  to  be  compromised  by  the  artifacts  on 
each  side. 
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Figure  1 7:  Digital  image  correlation  measurements  of  Sample  1  circumferential  strain 
while  under  20  MPa  internal  pressure.  Image  was  taken  30  seconds  before  that  in 
Figure  18  while  the  experimental  conditions  were  the  same. 
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Figure  18:  Digital  image  correlation  measurements  of  Sample  1  circumferential  strain 
while  under  20  MPa  internal  pressure.  Image  was  taken  30  seconds  after  that  in 
Figure  1 7  while  the  experimental  conditions  were  the  same. 
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Figure  19:  Digital  image  correlation  measurements  of  Sample  2  circumferential  strain 
while  under  20  MPa  internal  pressure.  Image  was  taken  30  seconds  before  that  in 
Figure  20  while  the  experimental  conditions  were  the  same.  The  red  line  is  the 
approximate  notch  location. 
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Figure  20:  Digital  image  correlation  measurements  of  Sample  2  circumferential  strain 
while  under  20  MPa  internal  pressure.  Image  was  taken  30  seconds  after  that  in 
Figure  19  while  the  experimental  conditions  were  the  same.  The  red  line  is  the 
approximate  notch  location. 


4.2  Finite  element  analysis  results 

The  deformed  shape  of  the  benchmark  FE  model  under  a  20  MPa  internal  pressure 
load  is  shown  in  Figure  21.  The  response  is  characterized  by  a  global  expansion  of 
the  pipe  diameter  and  an  outward  bending  of  the  end  cap.  Prying  forces  due  to  the 
pressure  load  cause  the  interface  between  the  pipe  and  end  cap  to  open  up.  That 
leads  to  high  stresses  near  the  root  of  the  fillet  weld  (see  Figure  22).  It  is  unlikely  that 
those  yield-level  stresses  would  be  as  severe  in  practice,  since  the  weld  would  penetrate 
further  in  to  the  pipe  wall.  Furthermore,  the  high  stresses  are  concentrated  near  the 
weld  and  are  isolated  from  the  region  of  interest  near  the  notch.  There  is  also  a  small 
area  of  stresses  near  the  assumed  yield  strength  close  to  the  end  of  the  notch  (see 
Figure  23).  That  would  be  important  if  the  aim  of  the  analysis  was  to  predict  stress 
concentration  factors  for  crack  growth;  however,  the  goal  of  the  current  work  is  to 
predict  the  strains  on  the  outside  of  the  pipe  wall,  well  away  from  the  highest  stresses. 
Thus,  it  was  concluded  that  the  linear-elastic  analysis  has  sufficiently  captured  the 
structural  response  and  that  a  nonlinear-plastic  analysis  was  not  justified.  The  results 
presented  below  are  for  the  benchmark  model  unless  otherwise  specified. 
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Figure  21:  Deformed  finite  element  mesh  under  20  MPa  internal  pressure  load  (dis¬ 
placements  have  been  magnified  by  a  factor  of  100  for  clarity). 
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8.03653  161.844  315.652  469.459  623.267 


84.9403  238.748  392.555  546.363  700.17 

Figure  22:  Contour  plot  showing  the  von  Mises  stress  (MPa)  in  the  region  of  the  fillet 
weld. 
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Figure  23:  Contour  plot  showing  the  von  Mises  stress  (MPa)  in  the  region  of  the 
notch. 

A  contour  plot  of  the  radial  displacements  of  the  FE  model  is  shown  in  Figure  24.  It 
can  be  seen  that  the  outward  bulging  of  the  pipe  is  somewhat  reduced  in  the  vicinity 
of  the  notch.  That  is  because  the  pipe  expansion  is  partially  counteracted  in  that 
region  by  inward  bending  resulting  from  the  circumferential  load-path  eccentricity  at 
the  notch,  which  tends  to  open  the  notch.  The  contour  plot  of  the  circumferential 
displacements  in  Figure  25  shows  that  the  notch  opens  approximately  0.005  mm  under 
the  20  MPa  load. 

The  hoop  strain  in  the  FE  model  is  shown  in  the  contour  plot  in  Figure  26.  The 
hoop  strain  in  the  pipe  is  within  380  and  635  pe,  except  near  the  fillet  weld  and  the 
notch.  The  hoop  strain  is  greatest  near  the  longitudinal  and  radial  tips  of  the  notch 
(see  Figure  27);  however,  the  strain  gradients  in  that  area  are  quite  large  as  well,  so 
that  the  strain  levels  are  quickly  attenuated  in  the  adjacent  intact  pipe. 
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-.027101  -.009751  .007598  .024948  .042298 

-.018426  -.001077  .016273  .033623  .050972 


Figure  24:  Contour  plot  showing  the  radial  displacement  (mm )  of  the  test  specimen 
under  the  20  MPa  internal  pressure  load.  Contours  are  superimposed  on  the  deformed 
FE  model  whereby  the  displacements  have  been  exaggerated  by  a  factor  of  100  for 
clarity. 
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Figure  25:  Contour  plot  showing  the  circumferential  displacement  (mm ) 
specimen  under  the  20  MPa  internal  pressure  load. 
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Figure  26:  Contour  plot  showing  the  circumferential  strain  of  the  test  specimen  under 
the  20  MPa  internal  pressure  load. 
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Figure  27:  Contour  plot  showing  the  circumferential  strain  of  the  notched  region  of 
the  test  specimen  under  a  20  MPa  internal  pressure  load. 
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In  Figure  28,  the  predicted  hoop  strain  on  the  outside  of  the  pipe  wall  at  mid-length 
is  plotted  against  the  circumferential  location.  The  deep  trough  in  the  strain  profile 
at  zero  degrees  corresponds  with  the  notch  location  and  is  a  result  of  inward  bending 
associated  with  opening  of  the  notch.  The  strain  gradient  is  large,  even  on  the  outside 
of  the  pipe  away  from  the  notch,  with  the  hoop  strains  increasing  from  a  minimum 
of  356  pe  to  a  maximum  of  542  /re  within  12  mm  of  the  notch.  The  strain  level  drops 
off  further  away  from  the  notch,  eventually  reaching  a  stable  value  of  498±2  /re  over 
approximately  280°  of  the  pipe  wall. 


Figure  28:  Circumferential  distribution  of  hoop  strain  on  external  pipe  wall  at  mid¬ 
length.  The  0  mm  location  corresponds  with  the  location  of  the  2.5  mm  deep  notch. 
Inset  shows  strain  response  in  vicinity  of  a  notch. 

The  hoop  strain  distributions  predicted  by  the  benchmark  and  refined  models  are 
compared  in  Figure  29.  The  overall  prediction  of  strain  distribution  and  magnitude 
did  not  change  when  the  mesh  was  refined.  With  the  refined  model,  the  minimum 
and  maximum  hoop  strains  were  354  fie  and  543  /re,  respectively.  Those  values  are 
within  1%  of  the  values  predicted  by  the  benchmark  model.  Thus,  it  is  concluded 
that  the  original  benchmark  mesh  is  sufficiently  refined  since  the  use  of  a  finer  mesh 
would  not  lead  to  significantly  different  results. 
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Figure  29:  Circumferential  distribution  of  external  surface  hoop  strain  at  mid-length 
showing  the  strain  behaviour  predicted  by  the  benchmark  (coarser  mesh )  and  refined 
FE  models  as  a  function  of  the  distance  from  the  2.5  mm  deep  notch. 
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The  hoop  strain  results  for  the  notch  depth  study  are  shown  in  Figure  30.  It  can 
be  seen  that  the  hoop  strain  on  the  external  surface  of  the  pipe,  directly  opposite 
the  notch,  decreases  as  the  depth  of  the  notch  increases.  On  the  other  hand,  the 
maximum  hoop  strain,  which  occurs  approximately  10  mm  away  from  the  notch  in 
the  circumferential  direction,  tends  to  increase  with  increasing  notch  depth.  Those 
trends  are  attributed  to  the  increase  in  the  load-path  eccentricity,  and  hence  the 
resultant  bending  moment,  as  the  notch  depth  increases. 

The  predicted  hoop  strain  response  as  a  function  of  crack  depth,  for  various  potential 
strain  gauge  locations,  is  shown  in  Figure  31.  That  figure  shows  that,  if  the  strain 
gauge  is  well-aligned  with  the  crack  location  (i.e. ,  at  0  mm),  the  gauge  response  will 
be  very  sensitive  to  changes  in  the  crack  depth;  however,  if  the  gauge  location  is 
in  error  by  only  5  mm,  the  strain  response  will  be  approximately  static  with  crack 
growth.  The  strain  gauge  response  improves  somewhat  if  the  gauge  position  is  even 
further  away  from  the  crack,  due  to  the  peak  in  the  strain  response  in  Figure  30,  but 
the  best  gauge  position  is  clearly  directly  opposite  the  crack. 
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700 


Figure  30:  Circumferential  distribution  of  hoop  strain  outside  the  pipe  wall  at  mid¬ 
length  for  a  range  of  crack  depths. 


Notch  Depth  (mm) 


Figure  31:  Relationship  between  the  hoop  strain  outside  the  pipe  wall  at  mid-length 
and  the  depth  of  the  notch;  showing  the  strain  behaviour  at  several  positions  relative 
to  the  notch  location. 
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4.3  Comparisons  between  experimental  and  FE 
results 

4.3.1  Initial  experiment 

After  the  initial  experiment,  it  was  determined  that  the  notch  was  not  in  the  expected 
location.  The  strain  gauge  measurements  in  the  area  the  notch  was  expected  showed 
asymmetry  in  the  strain  with  a  minimum  10  mm  circumferentially  away  from  the 
expected  center.  This  is  consistent  with  an  incorrect  notch  location,  as  the  minimum 
was  expected  at  the  center  of  the  notch.  The  strain  gauges  90°  from  the  expected 
notch  yielded  measurements  of  450  fie  and  453  fie.  These  are  similar  to  the  FE  value 
scaled  to  account  for  the  difference  in  pressure  loading,  471  fie.  There  was  a  significant 
amount  of  variation  in  the  DIC  strain  readings,  both  within  images  (particularly  in 
Figure  12)  and  between  images. 

4.3.2  Experiment  to  locate  notch 

Figures  13  and  14  show  the  strain  field  of  Sample  2  measured  using  DIC  while  it  was 
pressurized  to  20  MPa.  The  images  show  higher  levels  of  strain  10  -  15  mm  to  the 
left  of  the  notch  location.  This  is  consistent  with  the  higher  strains  calculated  in  the 
FE  model  (Figure  28),  but  the  maximum  DIC  strain  measurements  in  this  location 
are  approximately  600  -  650  fie,  while  the  FE  results  were  approximately  530  -  540 
fie.  However,  the  strains  on  the  right  side  of  Figures  13  and  14  are  approximately  450 
fie.  This  is  closer  to  the  value  calculated  in  the  FE  model  90°  from  the  notch  (496 
fie)  than  the  value  calculated  for  10  mm  circumferentially  from  the  notch  (539  fie). 

4.3.3  Experiments  with  corrected  notch  locations 

The  DIC  results  from  pressurizing  Sample  2  to  25  MPa  are  shown  in  Figures  15  and 
16.  The  values  calculated  along  the  continuous  virtual  strain  gauges  above  and  below 
the  foil  strain  gauges  are  compared  with  the  FE  calculations  scaled  to  25  MPa  in 
Table  2.  The  DIC  results  are  in  good  agreement  with  the  FE  results  at  the  center  of 
the  notch  and  on  the  right  side  of  the  notch.  However,  on  the  left  side  of  the  notch, 
the  strains  measured  using  DIC  are  approximately  10  -  20%  higher  than  the  right 
side  and  the  values  calculated  in  the  FE  analysis. 

The  DIC  results  from  the  experiments  where  the  two  samples  were  pressurized  to  20 
MPa  are  shown  in  Figures  17  -  20.  Point  measurements  of  the  continuous  DIC  virtual 
strain  gauges,  foil  strain  gauge  measurements,  and  FE  strain  results  are  compared  in 
Tables  3  and  4  for  Samples  1  and  2,  respectively.  The  results  are  plotted  in  Figure  32. 
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Table  2:  Comparison  of  strains  measured  with  DIC  virtual  strain  gauges  above  and 
below  foil  gauges  and  strains  calculated  with  FE  analysis  for  Sample  2  pressurized  to 
25  MPa  (Figures  15  and  16). 


Figure 

Distance 
from  Notch 
(mm) 

Upper  DIC 
Virtual  Strain 
Gauge  (pe) 

Lower  DIC 
Virtual  Strain 
Gauge  (/re) 

FE  Strain 

Results 

(» 

15 

0 

460 

470 

445 

10-15  (left) 

700-750 

750-790 

669-678 

10-15  (right) 

650-680 

640-700 

669-678 

16 

0 

470 

490 

445 

10-15  (left) 

700-780 

750-800 

669-678 

10-15  (right) 

640-680 

650-680 

669-678 

For  Sample  1,  the  DIC  point  strain  measurements  were  within  12%  of  the  FE  strain 
values.  The  strain  gauge  values  were  within  14%  of  the  FE  strain  values,  except  at 
the  center  of  the  notch.  The  agreement  between  the  strain  gauge  values  and  the  DIC 
point  values  was  not  as  good;  the  DIC  values  were  approximately  30%  greater  at  the 
notch  but  within  20%  of  the  strain  gauge  values  elsewhere. 

For  Sample  2,  all  of  the  DIC  point  strain  measurements  were  within  20%  of  the  strain 
values  calculated  with  the  FE  analyses  and  most  were  within  10%.  The  strain  gauge 
readings  were  6  -  16%  higher  than  the  FE  strain  values.  Surprisingly,  the  greatest 
disagreement  between  the  strain  gauge  readings  and  FE  results  was  90°  away  from 
the  notch,  where  the  stress  field  was  expected  to  be  affected  only  by  variations  in 
thickness.  Most  of  the  DIC  and  strain  gauge  readings  agreed  within  10%,  all  were 
within  17%. 

Table  3:  Comparison  of  strain  measured  with  DIC  continuous  virtual  strain  gauges 
above  and  below  foil  gauges,  strain  gauge  measurements,  and  strain  calculated  with 
FE  analysis  for  Sample  1  pressurized  to  20  MPa.  (Figures  17  and  18) 


Figure 

Distance 
from  Notch 
(mm) 

Upper  DIC 
Virtual  Strain 
Gauge  (pe) 

Lower  DIC 
Virtual  Strain 
Gauge  (pe) 

Strain 

Gauge 

FE  Strain 
Results 

O) 

17 

0 

380 

370 

282 

356 

15  (left) 

570 

560 

611 

536 

15  (right) 

490 

510 

601 

536 

132 

- 

- 

503 

496 

18 

0 

370 

370 

282 

356 

15  (left) 

565 

620 

611 

536 

15  (right) 

490 

500 

601 

536 

132 

- 

- 

503 

496 
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Table  4:  Comparison  of  strain  measured  with  DIC  continuous  virtual  strain  gauges 
above  and  below  foil  gauges,  strain  gauge  measurements,  and  strain  calculated  with 
FE  analysis  for  Sample  2  pressurized  to  20  MPa.  (Figures  19  and  20) 


Figure 

Distance 
from  Notch 
(mm) 

Upper  DIC 
Virtual  Strain 
Gauge  (pe) 

Lower  DIC 
Virtual  Strain 
Gauge  (/re) 

Strain 

Gauge 

(/re) 

FE  Strain 
Results 
(pe) 

19 

0 

405 

390 

380 

356 

15  (left) 

570 

530 

617 
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15  (right) 
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568 
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- 

- 

577 

496 

20 
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15  (left) 
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Figure  32:  Strain  gauge  and  DIC  strain  measurements  for  experiments  with  Samples 
1  and  2  pressurized  to  20  MPa  and  strains  calculated  with  FE  analysis. 
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The  agreement  between  the  DIC  strain  readings,  strain  gauge  readings,  and  strain 
values  calculated  with  FE  analyses  is  reasonably  good.  The  disagreement  and  scatter 
in  the  data  shown  in  Tables  2-4  and  Figure  32  are  of  similar  order  to  the  variations 
in  the  samples’  wall  thickness  (12.5%). 

The  reasonable  agreement  between  the  external  strain  calculated  in  the  FE  analyses 
and  the  strain  measured  using  strain  gauges  indicates  the  results  from  the  FE  analyses 
for  these  cylinders  are  valid.  Since  the  same  method  was  used  to  model  an  HP  air 
bottle,  this  suggests  the  FE  external  strain  results  for  an  HP  air  bottle  in  the  presence 
of  a  crack  are  reliable. 

Asymmetry  in  the  strain  readings  was  observed  in  most  of  the  experiments  for  both 
samples.  It  is  not  clear  what  caused  this,  but  one  possible  source  may  have  been 
variations  in  thickness  and  circularity  that  were  similar  in  the  two  samples  cut  from 
a  single  length  of  pipe. 

Digital  image  correlation  proved  to  be  quite  useful  to  precisely  locate  the  notch  and 
measure  the  strain.  However,  improvements  in  the  equipment  or  its  operation  could 
yield  more  reliable  results.  There  were  unexpected  variations  in  the  strain  readings 
within  images  and  between  images  taken  with  identical  experimental  conditions.  The 
source  of  these  variations  was  not  identified.  Improvements  in  measurements  taken 
near  strain  gauges,  wires,  or  the  interface  may  result  in  contour  plots  that  provide 
useful  information  more  readily. 
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5  Conclusions 


A  crack-like  indication  on  a  high-pressure  air  bottle  instigated  a  study  to  improve  the 
understanding  of  the  effect  of  an  internal  crack.  Two  experimental  samples  were  tested 
for  comparison  with  an  FE  model  to  validate  the  use  of  externally  mounted  strain 
gauges  to  monitor  further  growth  of  cracks  of  a  limited  size.  Reasonable  agreement  of 
externally  mounted  strain  gauge  readings  and  digital  image  correlation  strain  fields 
with  FE  analyses  suggests  the  finite  element  modelling  technique  used  yields  reliable 
results. 

Digital  image  correlation  provides  a  means  to  measure  the  strain  field  of  a  loaded 
material.  In  this  study,  it  proved  to  be  quite  useful  to  precisely  locate  an  internal 
notch  due  to  a  28%  reduction  in  strain  opposite  the  notch  center.  This  technology 
could  be  useful  to  locate  internal  cracks  in  HP  air  bottles  due  to  strain  reduction 
opposite  the  crack  center;  a  reduction  of  26%  was  calculated  with  a  2  mm  deep,  10  mm 
long  crack.  DIC  could  also  be  used  to  verify  the  presence  of  a  crack  after  detection  of 
crack-like  indications  using  other  non-destructive  examination  techniques.  Although 
it  can  precisely  determine  the  location  of  a  crack,  coupling  with  hnite  element  analysis 
to  compare  the  strain  field  may  be  necessary  to  determine  the  flaw  size.  As  DIC  has 
not  been  used  as  much  as  traditional  non-destructive  examination  techniques,  it  is 
not  as  easy  to  use  or  as  reliable.  However,  it  provides  a  useful  complement  to  existing 
non-destructive  examination  techniques. 

Further  development  is  required  before  DIC  should  be  used  more  extensively  in  ser¬ 
vice.  Future  work  to  reduce  experimental  artifacts  at  the  edge  of  the  field  of  view 
and  in  the  area  of  strain  gauge  wires  would  make  images  easier  to  interpret.  Op¬ 
timization  of  DIC  equipment  operation  could  result  in  improvements  to  the  field  of 
view,  precision  of  results,  as  well  as  reduction  and  quantification  of  noise  within  and 
between  images. 

The  results  of  the  air  bottle  crack  modelling  analyses  indicated  that  the  external 
strain  will  be  influenced  by  the  presence  of  an  internal  crack.  A  2  mm  deep,  10  mm 
long  crack  would  cause  a  decrease  in  external  strain  of  304  /re  immediately  opposite  a 
crack  in  a  bottle  that  would  otherwise  have  an  external  strain  of  1192  /re.  The  strain 
at  locations  8  mm  away  from  a  crack  circumferentially  would  be  higher  than  in  the 
absence  of  a  crack.  The  differences  in  strain  at  both  locations  will  increase  as  a  crack 
grows.  The  differences  in  external  strain  are  sufficient  to  be  measured  by  externally- 
mounted  foil  strain  gauges,  but  it  is  necessary  for  the  gauges  to  be  located  precisely. 
The  application  of  strips  of  strain  gauges  should  provide  a  means  of  ensuring  the 
locations  exhibiting  changing  strain  can  be  monitored. 
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This  work  shows  that  externally  mounted  strain  gauges  provide  a  feasible  method  to 
monitor  existing  cracks  in  cases  where  it  is  necessary  for  a  naval  platform  to  operate 
with  a  cracked  HP  air  bottle.  If  this  monitoring  is  conducted,  the  finite  element 
methodology  described  in  this  report  can  be  used  to  predict  strain  readings  for  the 
detected  crack  and  growing  cracks. 
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